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ABSTRACT 

We present a low-resolution (R = A/AA « 90), 5.5—38 /im spectral sequence of a sample of M, L, 
and T dwarfs obtained with the Infrared Spectrograph (IRS) onboard the Spitzer Space Telescope. 
The spectra exhibit prominent absorption bands of H2O at 6.27 /im, CH4 at 7.65 /im, and NH3 
at 10.5 /im and are relatively featureless at A > 15 /im. Three spectral indices that measure the 
strengths of these bands are presented; H2O absorption features are present throughout the MLT 
sequence while the CH4 and NH3 bands first appear at roughly the L/T transition. Although the 
spectra are, in general, qualitatively well matched by synthetic spectra that include the formation 
of spatially homogeneous silicate and iron condensate clouds, the spectra of the mid-type L dwarfs 
show an unexpected flattening from roughly 9 to 11 fim. We hypothesize that this may be a result 
of a population of small silicate grains that are not predicted in the cloud models. The spectrum 
of the peculiar T6 dwarf 2MASS J0937+2931 is suppressed from 5.5—7.5 /im relative to typical T6 
dwarfs and may be a consequence of its mildly metal-poor/high surface gravity atmosphere. Finally, 
we compute bolometric luminosities of a subsample of the M, L, and T dwarfs by combining the IRS 
spectra with previously published 0.6—4.1 /im spectra and find good agreement with the values of 
Golimowski et al. who use L'- and M'-band photometry and to account for the flux emitted at A > 
2.5 /im. 

Subject headings: infrared: stars — stars: late-type — stars: low-mass, brown dwarfs 



1. INTRODUCTION 

The disc overy of the first bona fide brown dwarf (BD) 
Gl 229B l|Naka iima et a ^^9Jj|) and the confirmation 
of ot her BD candidates flBasriet al .1119961: iRebolo et al.l 
1996) ushered in a new era in both stellar and plane- 
tary astrophysics since BDs bridge the gap in mass be- 
tween stars and planets. Over four hundred very low- 
mass stars and BDs, collectively known as "ultracool" 
dwarfs, have since been discovered, primarily in wide- 
field optical and near-infrared su rveys such as the Tw o 
Micron All Sky Survey (2MASS: ISkrutskie et al.l f2006). 
the Deep Near Infra red Southern Sky Survey (DENIS; 
lEnchtein et al.lll997j). an d the Sloan Digital Sky Survey 
(SDSS: lYork et al.l200fil) . Ultracool dwarfs have effective 
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temperatures (T c s ) less than ~2700 K and spectral types 
later than ~M7 V, and include the new L and T dwarfs. 
Since their spectral energy distributions ( SEDs) peak 
near ^1 fim, considerable observa tional lIBa sril 120001 
Kirkpatrick 2005) a nd theoretical IjChabrier &: Baraffd 
2000; iBurrows et aT1l200l|) effort has gone into studying 
them at both red-optical and near-infrared wavelengths. 

Nevertheless, observations at A > 2.5 /im can also 
provide important constraints on the fundamental pa- 
rameters and atmospheric physics of ultracool dwarfs. 
For example, the T c g of an ultracool dwarf is typically 
determined by combining an observational bolometric 
luminosity with a theoretica l radius (e.g., iDahn et"al] 
120021 iGolimowski et al.ll2004|) . Since spectroscopic ob- 
servations are typically limited to A < 2.5 /im, the T e g- 
scale therefore depends critically on an accurate account- 
ing of the flux emitted at longer wavelengths. The ef- 
fects of non-equilibrium chemistry on the abundances 
of CO, CH4, N2, and NH3 due to the vertical trans- 
port of gas within the atmospheres of ultracool dwarfs, 
and hence the band strengths of CO, C H4, and NH3, 
are also strongest at these wavelengths (ISaumon et alJ 
l2003albfl . In addition, observations at A > 2.5 /xm are 
easier to interpret using atmospheric models because the 
dominant absorption bands (H 2 0, CO, CH4, and NH 3 ) 
at these wavelengths arise from fundamental transitions 
with nearly complete line lists compared to the overtone 
and combination bands at near-infrared wavelengths. Fi- 
nally, mid-infrared spectroscopy adds important informa- 
tion about the vertical structure and properties of atmo- 
spheric condensates. In principle, Mie scattering effects 
of iron and silicate grains expected in the atmospheres 
of the L dwarfs allow constraints to be placed on par- 
ticle sizes, but only with spectra obtained over a large 
wavelength range. In addition, if a population of small 
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particles is present, silicate absorption features may be 
apparent near 10 /im. 

Unfortunately, observations of ultracool dwarfs at A > 
2.5 /im are not as common as they are at shorter wave- 
lengths due to the difficulty of observing from the ground 
at these wavelengths. The majority of t he observations 
consist of V and M'-band photometry iStephens et ahl 
l200lt iLeeeett et all l200l IGolimowski et al.l l2004j) ~ah 
though some spectroscopy has been performed at these 
wavelengths ilNoll et alJll997t IQppenheimer et aT1ll998t 
lBurgasserlf2001t iNoll et al.ll2000t iCushing et alJl2005|) . 
In particular, the v% fundamental band of CH4 at ^3.3 
/im has been detected in t h e spectra of L and T dwarfs 
(IQppenheimer et alJ Il998t iBurgasserl I200H INoll et all 
l2000UCushing et al.l20d5F and the fundamental CO band 
at ~4.7 /im has been detected in the T dw arf Gl 229B 
ijNoll et alJH997l: IQppenheimer et al.lll998|) . Even fewer 
ground-based observations of ultracool dwarfs exist at 
A > 5 /im and are limited to photometric observa- 
tions lIMatthews et alll996tlCreech-Eakman et al.H2004l: 
iSterzik et al.l l2005) of just a few dwarfs. 

The launch of the Spitzer Space Telescope 
ijWerner et al.l 12004(1 . which is sensitive from 3.6 to 
160 /im, has opened a heretofore untapped wavelength 
range for the study of ultracool dwa rfs. In particular , 
the Infrared Array Camera (IRAC, iFazio et alJ | 2004f) 
and the Infrared Spectrograph (IRS, IHouck et a,l.ll2004f) 
are providing unprecedented photometric and spectro- 
scopic observa tions of ultracool dw arfs at mid-infrared 
wavelengths. iRoellig et al.l (|2004f) presented the first 
mid-infrared spectra of an M, L, and T dwarf and 
identified absorption bands of H^O, CH4, and N H3. 
In this paper we extend the work of Roellig et al.l and 
present a 5.3—38 /im spectral sequence of M, L and 
T dwarf spectra obtained with the IRS. Forthcoming 
papers will provide a more in-depth analysis of the 
spectra. We describe the observations, data reduction, 
and absolute flux calibration of the spectra in §2 while in 
§3 we discuss the spectra sequence, derive three spectral 
indices that measure the strengths of the H 2 0, CH 4 , 
and NH 3 bands, and discuss a number of interesting 
object. In §4 we present full 0.6—15 /im spectral energy 
distributions of a subsample of M, L, and T dwarfs and 
compute their bolometric luminosities. 

2. OBSERVATIONS AND DATA REDUCTION 

Our current sample consists of 14 M dwarfs, 21 L 
dwarfs, and 11 T dwarfs drawn from the literature 13 . 
The observations were conducted with the IRS as part 
of the "Dim Suns" IRS Science Team Guaranteed Time 
Observation (GTO) program. The IRS is composed of 
four modules capable of performing low- (i? = A/ A A « 
90) to moderate-resolution (i? « 600) spectroscopy from 
5.3 to 38 /im. We used the Short-Low (SL) module that 
covers from 5.3 to 15.3 /im at R ~ 90 in two orders and 
the Long-Low (LL) module that covers from 14.0 to 38 
/im at R Ri 90 also in two orders. A log of the observa- 
tions, including the Spitzer AOR key, spectroscopic mod- 
ule, and total on-source integration time is given in Ta- 
ble n Although both optical and infrared spectral types 

13 Databases of know n L and T dwarfs 
can be found at |ht tp : //Dwarf Archives . org and 
http : //www. jach.hawaii . edu/~skl/LTdata.html 



are listed in Table we hereafter use optical type s for 
the M and L dwarfs ijKirkpatrick et alJll991l I1999H and 
infrared types for the T dwarfs l)Burgasser et al.l l2006|) 
unless otherwise noted. In addition, we hereafter abbre- 
viate the numerical portions of the 2MASS, SDSS, and 
DENIS target designations as Jhhmmiddmm, where the 
suffix is the sexigesimal Right Ascension (hours and min- 
utes) and declination (degrees and arcminutes) at J2000 
equinox. 

The observations consisted of a series of exposures ob- 
tained at two positions along each slit. The raw IRS 
data were processed with the IRS pipeline (version S12) 
at the Spitzer Science Center. The data were reduced 
using custom IDL p rocedures based on the Spextool 
ijCushing et al.ll2~004|) data reduction package. The back- 
ground signal was first removed from each science frame 
by subtracting the median of the frames obtained in the 
same spectroscopic module but with the target in the 
other order. Any residual background was removed by 
subtracting off the median signal in the slit at each col- 
umn, excluding regions that contain signal from the tar- 
get. The spectra were then extracted with a fixed-width 
aperture (6'.'0 in the SL module and 9'.'0 in the LL mod- 
ule) and wavelength calibrated using the technique em- 
ployed by the IRS data reduction package, the Spectro- 
scopic Modeling An alysis and Reduction Tool (SMART; 
Hig don et al1l2004]) . 

Observations of standard stars obtained as part of the 
normal IRS calibration observations were used to remove 
the instrument response function and flux calibrate the 
science targets. We used a Lac (AO V) to correct the SL 
spectra and HR 6348 (Kl III) for the LL spectra. The 
standard star spectra were extracted in a similar fashion 
to the scie nce targets. Model s pectra of the two standard 
stars from iCohen et akl l|2003|) were used to remove the 
intrinsic stellar energy distribution from the raw stan- 
dard star spectra. The spectra from the SL module were 
then merged into a single 5.3—15.3 /im spectrum and the 
spectra from the LL module were merged into a single 
14.0—38 /im spectrum. Finally, for those targets with 
both SL and LL data, the spectra from the two mod- 
ules are merged together; any offset in the flux density 
levels of the two spectra are removed by scaling the LL 
spectrum to the flux density level of the SL spectrum. 

The final step in the reduction process is to absolutely 
flux calibrate the spectra using IRAC Band 4 photom- 
etry. Fortunately, 27 of the dwarfs in our sample have 
been observed as part of an IRAC Science Team GTO 
program (B. Patten, in preparation). Below we describe 
the process used to absolutely flux calibrate the dwarf 
spectra in our sample. 

IRAC observations are reported as a flux density, 
/ 1RAC (Ao), at a nominal wave length A (Ao = 7.872 /im 
for Band 4 ijReach et al.l l2~005^ assuming the target has 
a spectral energy distribution given by, 

vj v {v) = constant = ^ RAC (A ), (1) 

where vq = c/Xo- If this assumption is invalid, as it is 
for ultracool dwarfs, then the quoted flux density is not 
the flux density of the target at Ao- Therefore in order 
to compare an IRAC observation to an IRS spectrum, 
we must compute an equivalent /^ RAC (Ao) given the IRS 
spectrum. 
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/* RAC (Ao) is determined for any source with a SED 
given by /,(A) from the requirement that the number 
of electrons detected per second from the source, N e , 
be equal to the number of electrons detected per second 
from a hypothetical target with a SED given by Equation 
1, N F . That is, 
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/ htd S (y)dv = A [ f -4^S{y)d Vl (2) 
J hv J hv 

where A is the area of the telescope and S(v) is the sys- 
tem response function of the telescope plus instrument 
plus detector system in units of photon electron -1 . Sub- 
stituting Equation 1 into Equation 2, and solving for 
/i RAC (A ), we find 



/i KAU (Ao) 



j{volv)fu{v)S(y)dv 
f(v Q /v)2S(v)dv ■ 



(3) 



Equation 3 can be used to predict the flux density IRAC 
would report if it were to observe a source with a SED 
given by f v {u). 

The IRS spectra of the dwarfs with IRAC observations 
were absolutely flux-calibrated by multiplying each spec- 
trum by a scale factor C given by, 



C = .C AC (A )//^(A ), 



(4) 



where /^ RS (Ao) was determined using the IRS spectrum 
and Equation 4 and /^ RAC (A ) is the reported IRAC flux 
density for the dwarf in question. The correction factors 
ranged from 0.77 to 1.5 with a median value of 0.97 and 
a median absolute deviation 14 of 0.04. 

A subset of the M, L, and T dwarf SL spectra are 
shown in Figures 1—3. The signal-to-noise ratio (S/N) 
of the spectra range from several hundred for the early- 
type M dwarfs to a few for the faintest T dwarfs. Promi- 
nent absorption features of H 2 0, CH 4 , and NH 3 are in- 
dicated. Figure E] shows the LL spectra of those dwarfs 
in our sample with the highest S/N. The S/N ratio of 
the spectra range from >100 for Gl 229A to a few for 
DENIS J0255-4700. The LL spectra of ultracool dwarfs 
are r elatively featureles s at the resolving power of the 
IRS. iWeck et alJ ^2004) found that the inclusion of the 
ground state Ai/=+l bands of LiCl at ~15.8 /im affects 
synthetic spectra at the level of a few percent at T e g = 
1500 K (the approximate T off of DENIS J0255-4700). 
Given the low S/N of the LL spectra, and the predicted 
weakness of the LiCl bands, we cannot assess whether 
this band is present in the spectra of ultracool dwarfs. 
We do not discuss the LL spectra further. 

3. DISCUSSION 

To aid the reader in the interpretation of these spec- 
tra, a sequence of model spectra with T e ffS ranging from 
3800 K down to 600 K in steps of 400 K with a log 3=5.0 
is shown in Figure [SJ Th e models with T B ff > 2600 K 
are AMES-COND models l|Allard et al.l l200P. the mod- 
els with 1400 K < T cS < 2600 K are cloudy models 

14 The Median Absolute Deviation is defined as MAD=1.4826 X 
mcdian{|xi— median(x)|} and is a robust estimate of the standard 
deviation, cr, of a distribution. The constant of 1.4826 is defined 
such that MAD=<T if the random variable x follows a normal dis- 
tribution and the sample is large. 



ijMarlev et al.ll2002l M. S. Marley et al., in preparation) 
and the models with T e g < 1400 K are cloudless models. 
The spectra have been smoothed to i?=90 and resampled 
onto the wavelength grid of the IRS spectra. Also shown 
are t he approximate spectral types corresponding to each 
T eff i|Leggett et al.ll2000t iGolimowski et alJl2004ji . 

The spectra of the M and L dwarfs at A > 5 /im are 
dominated almost entirely by absorption features arising 
from the v-i fundamental band of H2O centered at ~6.27 
fjm, and the 2^2 — ^2 overtone band centered at ~6.42 
fjxa. However due to a combination of the weakness of 
these features and the low spectral resolving power of the 
IRS spectra (R «90), the only H 2 feature readily iden- 
tifiable is a "break" at ~6.5 /im. As the T e g decreases, 
this break generally increases in strength until eventually 
additional H2O absorption at longer and shorter wave- 
lengths transforms it into an emission-like feature in the 
spectra of the T dwarfs. In actuality, this emission fea- 
ture is a result of a minimum in the H2O opacity which 
allows the observer to see deeper, and thus hotter, at- 
mospheric layers. Counterintuitively, the T c ff=2600 K 
COND model (~M7 V) shows stronger H2O absorption 
from 8—10 /jm (P. Hauschildt 2005, private communica- 
tion) than the T c ff=2200 K cloudy model (~L1). As can 
be seen in Figures ^ and |3 we see no evidence of this ab- 
sorption in the spectra of the late-type M and early-type 
L dwarfs. The V4 fundamental band of CH4 centered 
at ^7.65 /tin first appears in the spectra of the latest L 
dwarfs (r o ff ~ 1500 K) and grows in strength through the 
T sequence. The combination of H2O and CH4 absorp- 
tion from roughly 4 to 9 /jm heavily suppresses the flux 
at these wavelengths in the spectra of the T dwarfs. Fi- 
nally the V2 fundamental band of NH3 centered at ^10.5 
/zm appears in the spectra of the early- to mid-type T 
dwarfs. The only clearly discernible NH3 feature is the 
double Q-branch feature centered at 10.5 /mi; the dou- 
ble Q -branch is a result of inversion doubling ijHerzbergl 
1945). Overall, the theoretical spectra provide a reason- 
ably good match to the mid-infrared spectra of M, L, and 
T dwarfs. A more detailed comparison between the mod- 
els and the observations is currently in progress (Cushing 
et al., in preparation). 

We have defined three spectral indices that measure 
the depths of the H 2 bands at ~6.3 /urn, the 7.65 /zm 
CH4 band, and the 10.5 /mi NH3 band in the IRS spectra 
of the M, L, and T dwarfs. Figure HJ shows an illustra- 
tion of the three spectral indices along with the spectrum 
of 2MASS J0559-1404 (T4.5). As described above, the 
only H2O feature readily identifiable in the IRS spectra 
of ultracool dwarfs is located at ~6.5 /im. We have there- 
fore defined an index that measures the amplitude of the 
6.25 /mi peak relative to the two minima on either side. 
This index is given by, 



IRS-H 2 = 



ft 



(1.25 



0.56 2/5.80 + 0.474/6.75 : 



(5) 



where f\ is the mean flux density in a 0.15 /tm window 
centered around Ao- Both the CH4 and NH 3 indices are 
simple ratios of the flux density in and out of an absorp- 
tion feature and arc defined as, 



IRS-CH4 
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and 



IRS-NHs = 



(10.0 



10.8 



(7) 



where f\ is the mean flux density in a 0.3 fim window 
centered around Ao . The values of the indices computed 
for the dwarfs in our sample are shown as a function of 
spectral type in Figured The errors were computed from 
the uncertainties in the mean flux densities f\ . Larger 
values of a given index imply stronger absorption. 

The IRS-H2O values indicate that, overall, the H2O ab- 
sorption band strength increases with increasing spectral 
type until it saturates in the T spectral class. Neverthe- 
less, there also appears to be a plateau from about ~M7 
V to ~L5 indicating that late-type M dwarfs and early- 
to mid-type L dwarfs have similar H2O band strengths. 
BRI 0021-0214 (M9.5 V) and 2MASS J1439+1929 (LI) 
appear to have anomalously low H2O band strengths. 
The variations of the IRS-CH4 and IRS-NH3 values with 
spectral type are, in contrast, much simpler. The onset of 
CH4 absorption occurs at roughly the L/T transition. A 
more precise spectral type cannot be assigned given the 
coarse wavelength sampling, low resolving power, and 
moderate S/N of the IRS spectra. Interestingly, the v 3 
fundamental band of CH4 at 3.3 /j m has been detected 
in the spectra of mid- type L dwarfs (iQppenheimer et alJ 
1991 iBurgasserl l200l iNoll etafl 120001 iCushing et all 
2005). The absorption cross section of the V4 band of 
CH4 centered at 7.65 /im. is roughly an order of magni- 
tude smaller than that of the v z band (T=1000 K, P=l 
bar, R. Freedman 2005, private communication) so it is 
not surprising that the z/4 band appears later in the spec- 
tral sequence than the ^3 band. Finally, The IRS-NH3 
values also indicate that the onset of NH3 absorption also 
occurs near the L/T transition. Interestingly, the val- 
ues of both the IRS-CH4 and IRS-NH3 indices decrease 
through the L spectral class, a behavior we discuss in 
§3.3.1. 

3.1. Objects of Interest 

As described in the previous section, the mid-infrared 
spectral features of M, L, and T dwarfs generally show a 
smooth variation with spectral type and are qualitatively 
well matched by model spectra. However there are a 
number of interesting objects that stand out against this 
sequence that we discuss in the following section. 

3.1.1. Mid- Type L Dwarfs 

It has been apparent for some time that the atmo- 
spheres of L dwarfs are cloudy. The formation of these 
condensate (i.e., dust) clouds in the atmospheres of ul- 
tracool dwarfs has a dramatic impact on their atmo- 
spheric structure (T/P profile) and thus their emer- 
gent spectra. Models that neglect dust formation pro- 
duce near-infrar ed colors that are much bluer than 
the observations llAllard et al.ll200ll iMarlev et alJl2002t 
iKnann et alJl2004t iBurrows et al.ll2006r) . However the 
limited wavelength span of near-infrared spectra has pre- 
cluded definitive determinations of cither particle size 
or condensate composition. IRS spectra both substan- 
tially increase the wavelength range of L dwarf spectra- 
allowing for Mie scattering effects to be constrained-and 
cover the location of the the 10 /Ltm silicate feature. 



While the IRS spectra of the early-type L dwarfs and 
the T dwarfs are i n generally good agr eement with the 
model predictions ijRoellig et alJ 12004 M. C. Cushing 
et al., in preparation), the spectra of mid- to late-type 
L dwarfs differ substantially from the models. Figure 
|H1 shows a sequence of L dwarfs with spectral types 
ranging from LI to L6.5. As can been seen, the spec- 
trum of 2MASS J2224-0158 (L4.5) exhibits a prominent 
plateau from roughly 9 to 11 fim. A similar, although 
weaker, plateau can also be seen in the spectra of 2MASS 
J0036+1821 (L3.5) and 2MASS J1507-1627 (L5). This 
feature is also clearly absent in the spectra of L dwarfs 
with both earlier and later spectral types. This plateau 
is the cause of the decreasing IRS-CH4 and IRS-NH3 val- 
ues in the L dwarfs (see §3) since these indices are also 
a measure of the overall spectral slope in the M and L 
dwarf spectra. The broad deviation of the model from 
the observed spectra implies that the model is missing 
or incorrectly characterizing a continuum opacity source. 
Given the good agreement between model and data at 
early and late spectral types, a missing gaseous opac- 
ity source with a smooth continuum seems unlikely. We 
thus conclude that the most likely explanation for the 
deviation is the description of the cloud opacity. 

The IRS spectral region of course includes the 10 /im 
silicate feature which arises from the Si-0 stretching vi- 
bration in silicate grains. The spectral shape and im- 
portance of the silicate feature depends on the particle 
size and composition of the silicate grains. In brown 
dwarf atmospheres the first expected silicate condensate 
is forsterite Mg 2 Si0 4 i|Loddersl 12002^ . at T ks 1700 K 
(P=l bar) 15 . Since Mg and Si have approximately equal 
abundances in a solar composition atmosphere, the con- 
densation of forsterite leaves substantial silicon, present 
as SiO, in the gas phase. In equilibrium, at temperatures 
about 50 to 100 K cooler than the forsterite condensation 
temperature, the gaseous SiO reacts wit h the forsterite 
to form enstatite, MgSi0 3 ()Loddersl2 002). Since the pre- 
cise vertical distribution of silicate species depends upon 
the interplay of the atmospheric dynamics and chemistry, 
the models (M. S. Marley et al., in preparation) do not 
attempt to capture those details. Instead all of the sil- 
icate condensates are assumed to be forsterite-since it 
condenses first-and the optical properties of forsterite 
are employed in the calculation of the Mie absorption 
and scattering efficiencies. 

In addition to composition, the cloud spectral proper- 
ties are sensitive to particle size. There is likely a range of 
particle sizes ranging from very small, recently condensed 
grai ns, to larger grains that have grown by accumula - 
tion l|Ackerman fc Marlevl20(HllWoitke & Hellingl2004[) . 
The atmosphere model includes a calculation of turbu- 
lent diffusion and particle sedimentation to compute a 
mean particle size (jAckerman i Marlevfe OOl ) assuming 
a log- normal size distribution with fixed width a = 2. 
The Ackerman & Marley cloud model predicts submi- 
cro n particle sizes high abov e the condensation layer (as 
do Woitkc & Helling ( 2004)), but these small particles 
do not provide enough opacity to produce a detectable 
effect on the model spectra. In the optically-thick cloud 
the model predicts mean particles sizes of 5 to 10 /jm 

15 Iron-bearing species (e.g. olivine, (Mg,Fe)2Si04) are not ex- 
pected since iron condenses well before the first silicate 
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and larger. Such a population of particles is too large to 
produce a ten micron silicate feature. 

Figure [§] compares the absorption efficiency of silicate 
grains of various sizes, composition, and crystal struc- 
tures to the spectrum of 2MASS J2224-0158 (L4.5). 
For each species the quantity Qahs/a, or Mie absorp- 
tion efficiency divided by particle radius, is shown. This 
is the relevant quantity since, all else being equal, the 
total cloud a bsorption opt ical depth is proportional to 
this quantity ( Marlev 2000) . The middle panel of Figure 
OH leads us to conclude that the mismatch between the 
models and data may arise from a population of silicate 
grains that is not captured by the cloud model. The large 
grain sizes computed by the cloud model (~10 /jm) tend 
to have relatively flat absorption spectra [dashed lines) 
across the IRS spectral range. Only grains smaller than 
abou t 2 (tm in radius sho w the classic 10- /mi silicate fea- 
ture ijHanner et al.lll99^1 which suggests that the cloud 
model does not produce enough small grains. In addi- 
tion, the combined width of the enstatite, whose opacity 
is currently not included in the atmosphere models, and 
forsterite features is a better match to the width of the 
plateau in the spectrum of 2MASS J2224-0158. 

Furthermore the model employs amorphous silicate op- 
tical properties. It is possible, especially at the higher 
pressures found in brown dwarf atmospheres, that the 
grains are crystalline, not amorphous. Indeed labora- 
tory solar-composition condensation experiments at rel- 
evant pressures produce cry stalline, not amorphous, sil- 
icates (|ToDDani et al J 12004). Crystalline grains (lower 
panel of Figure |5J) can have larger-and spectrally richer- 
absorption cross sections. The strongest absorption fea- 
ture of crystalline enstatite in the IRS wavelength range 
occurs at ~9.17 /jm. The weak absorption feature in the 
IRS spectrum of 2MASS J1507-1627 (L5; see Figure 
[EJ at the same wavelength may therefore be carried by 
crystalline enstatite. However, higher S/N ratio spectra 
would be required to co nfirm this tentative i dentification. 

Finally we note that iHelling et alJ l)2006|) predict that 
non-equilibrium effects will lead to the condensation of 
quartz (SiC>2) grains within the silicate cloud. Quartz 
absorption begins somewhat bluer than that of enstatite 
and, given small enough particles sizes, also might add 
to the spectral flattening seen in Figures 8 and 9. Along 
with IRS observations of more mid L dwarfs, detailed 
cloud modeling considering a range of cloud sizes and 
compositions will be required to fully constrain the par- 
ticular species, particle sizes, and crystallinity present in 
the silicate cloud. 

3.1.2. Gl 337CD & SDSS JO4BS-O414AB 

Gl 337CD was discovered by iWilson et all pOOl 
and later resolved into a near equal-magnitude (Ks 
flux ratio of 0. 9 3±0.10 ) binary separated by C/53 by 
iBurgasser et alJ l)2005b|) . Its unresolve d near-infrared 
spect rum exhibits weak CH4 absorption (McLean et al. 
120031) resulting in a n ear-infrared spectral type of TO 
([Burgasser et al.ll2006j) while its u nresolved red-optica l 
spectrum has been typed as L8 ([Wilson et alJ 12001). 
The absolute K s magnitudes of the components provide 
little constraint on the individual spectral types of the 
two objects since the Mk s values are consistent with a 
broad range of types from late-type L dwarfs through 
mid-type T dwarfs. Given the composite optical and 



near-infrared spectral types of L8 and TO, respectively, 
the pair is likely comprised of a late-L and early- to 
mid-T dwarf. SDSS J0423 -0414AB (her e after SPSS 
0423AB) was discovered by iGeballe et all l)2002fl and 
su bsequently resolved into a binary separated by 0'.'16 
bv IBurgasser et aD lj2005cj) . It was also classified as TO 
based on the presen ce of weak CH4 abso r ption in its near- 
infrar ed spectrum ([Geballe et alJl2003 IBurgasser et alJ 
l2006j) and has an unr esolved optical spectral type of 
L7.5 (iCruz^et^Lj [200 31 J. D . Kirkpatrick, in prepara- 
tion) . Burgass er et al.l l )2005c|) found that a hybrid spec- 
trum composed of an L6.5 and T2 dwarf provides an ex- 
cellent match to the unresolved near-infrared spectrum 
of SDSS 0423AB. 

Figure UUI shows the IRS spectra of SDSS 0423AB 
and Gl 337CD. Although the spectra have almost identi- 
cal (unresolved) optical and near-infrared spectral types, 
their mid- infrared spectra look markedly different. In 
particular, the CH4 band centered at 7.65 /im is much 
stronger in the spectrum of Gl 337CD (see also figured). 
Also shown are composite L5+T2 and L8+T4.5 spec- 
tra (red lines) constructed after scaling the spectra of 
2MASS J1507-1627 (L5), SDSS J1254-0122 (T2), DE- 
NIS J0255-4700 (L8), and 2MASS J0559-1404 (T4.5) 
to app ear as if they were at a common distance. Al- 
though Burga sser et alJ l)2005cf) found that an L6.5+T2 
composite near-infrared spectrum was the best match to 
that of SDSS 0423 AB, we used an L5 dwarf since our 
sample lacks an L6 dwarf with a measured trigonometric 
parallax. Nevertheless, the agreement between the data 
and composite spectra is quite good. The weak CH4 
band in SDSS 0423AB is therefore a result of the intrin- 
sically brighter L6.5 dwarf, which lacks CH4 absorption, 
veiling the CH4 band in the spectrum of the T2 dwarf. 
In contrast, both components of G1337CD (L8, T4.5) ex- 
hibit CH4 absorption resulting in a prominent CH4 band 
in its unresolved spectrum. 

3.1.3. 2MASS J0937+2931 

2MASS J0937+2931 (hereafter 2MASS 0937) is the 
archetypal pecul i ar T dwarf. It is classified as a T6p 
( Burgasse r et al.l l2006|) because it exhibits a number 
of spectral peculiarities including an enhanced emission 
peak at 1.05 /im, weak J-band K I lines, and a heav- 
ily su ppressed A-band spectrum ([Burgasser et al.i r2002: 
iKnapp et alJl2004|) . All of these spectral features are in- 
dicative of high pressure (high surface gravity) and/or 
low-metallicity atmospheres. In particular, the suppres- 
sion of the Af-band is a result of collision- induce d H2 1—0 
dipole absorption (CIA H 2 ) centered at 2.4 /im l|Borvsowl 
120021 IKnapp et alJ 2004) wh ich is enhanced in such envi- 
ronments. Indeed, Burgass er et alJ l)2005al) have shown 
that a synthetic spectrum with a moderately low metal- 
licity (-0.1 < [M/H] < -0.4) and high surface gravity 
(5.0 < log g < 5.5) is required to adequately fit its 0.7—2.5 
fim spectrum. 

Figure El shows the IRS spectrum of 2MASS 0937 
along with the spectrum of SDSS J1624+0029 (T6; here- 
after SDSS 1624). The spectrum of SDSS 1624 has been 
scaled by the ratio of the distances of the two objects 
to adjust its flux to the level that which would be ob- 
served if it were at the distance of 2MASS 0937. The 
spectrum of 2MASS 0937 appears significantly depressed 
shortward of ~7.5 /im relative to the spectrum of SDSS 
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1624. Although we tentatively ascribe this behavior to 
the subsolar metallicity/high surface gravity of 2MASS 
0937, we caution that additional high S/N IRS observa- 
tions of late-type T dwarfs will be required to confirm 
that the mid-infrared spectrum of 2MASS 0937 is truly 
distinct from typical T dwarfs. 

4. SPECTRAL ENERGY DISTRIBUTIONS & BOLOMETRIC 

FLUXES 

4.1. Spectral Energy Distributions 

Figure El shows the 0.6—14.5 /im spectra of GJ 
1111 (M6.5 V), 2MASS J1507-1627 (L5) and 2MASS 
J055 9-1404 (T4.5). The re d-optical spectr a are 
from iKirkpatrick et al] lfl99llh l|Fan et al] 127)0(1) . and 
iBurgass er et alJ (l2003f) and the near-infrared spectra are 
from ICiLshing et, al] l)2005l) and J. T. Rayner et al. (in 
preparation). The changes in the spectral morphology 
across the MLT sequence illustrate all of the major chem- 
ical transitions e xpected to occur in the atmospheres of 
ultracool dwarfs dFeglev fc Lodder^ll996 t|Lodderslll999t 
iBurrows fc Shardll999HLodders fc Feglevll2002)l 

In the atmospheres of M dwarfs (2400 K < T eff < 3800 
K), C, N, and O are found primarily in CO, N2, and 
H2O. The spectral morphology of M dwarfs is therefore 
shaped primarily by H2O absorption bands although TiO 
and VO bands dominate in the optical. The Af = +2 
CO bands at A > 2.29 and absorption lines of refrac- 
tory species such as Al, Mg, Fe, and Ca are also weakly 
present. Since N2 is a homonuclear molecule, it can- 
not radiate in the dipole approximation and therefore 
shows no detectable spectral signatures in the spectra of 
M and L dwarfs (although N2 can in principle absorb via 
collisions with H2 molecules a kin to the CIA H2 opacity 
ijBorvsow fc Frommholdlll986D 1. 

As T c ff approaches 2400 K, condensates begin form- 
ing in the atmospheres of ultracool dwarfs. In partic- 
ular, titanium- and vanadium-bearing condens ates form 
result ing in a loss of TiO and VO from the gas l)Loddersl 
2002); the weakening and eventual loss of the TiO and 
VO bands mark the transition to the L spectral class 
(1400 < T cff < 2400 K). With the loss of the TiO and VO 
bands, the resonant K I doublet becomes very prominent 
in the spectra of L dwarfs and eventually comes to define 
the continuum hundreds of Angstroms from line center. 
In the near- infrared, the H2O and CO bands strengthen 
with decreasing T g. Additional condensates, most no- 
tably Ca-, A1-, Fe-, Mg- and Si-bearing species, also form 
and affect the emergent spectra of L dwarfs by altering 
the temperature/pressure profile of the atmosphere and 
contributing their own opacities. The near-infrared col- 
ors of the L dwarfs become progressively redder due to 
the formation of these condensates. At the lower end 
of this T e g range, CH4 becomes the dominate carbon- 
bearing species in the upper, coolest layers of the at- 
mos phere, since CO/CH4 < 1 for T < 1100 K at P=l 
bar l)Lodders fc Feglevll2002[) . Indeed the v% fundamen- 
tal band of CH4 at 3.3 /mi, which is ^100 times stronger 
than the combination and overtone bands in the near- 
infrared and ~10 times stronger than the v\ fundamental 
band in the mid-infrared, can be seen in the spectra of 
mid- to late-type L dwarfs. 

As T e ff continues to decrease, CH4 becomes ever more 
dominant over CO; the appearance of the CH4 over- 
tone and combination bands in the near-infrared signal 



the transition to the T spectral class (600 K < T e g < 
1400 K). The condensates which help shape the spec- 
tral morphology of the L dwarfs form well below the 
observable photosphere in T dwarfs resulting in a rel- 
atively condensate-free atmosphere. The strong H2O 
and CH4 bands carve the near-infrared spectra of T 
dwarfs up into narrow bands centered at 1.25, 1.6, and 
2.2 /im. Finally NH3 becomes the dominant nitrogen- 
bearing gas since NWNH 3 < 1 for T < 700 K at P=l bar 
ijLodders fc Feglevll2002|) and consequently the v% funda- 
mental band of NH3 at ~10.5 /im is present in the spectra 
of T dwarfs. 

4.2. Bolometric Luminosities 

The effective temperatures of ultracool dwarfs are typ- 
ically determined by combining obs erved bolometric lu- 
minosities with t heoretical radii llLeggett et al.l 120011: 
iDahn et alJ l2002t iGolimowski et all l2004j ) The bolo- 
metric luminosities are measured using absolutely flux- 
calibrated optical and near-infrared spectra, L'-band 
(and sometimes M'-band) photometry to account for the 
flux between ~2.5 and ~4 /mi, and a Rayleig h-Jeans tail 
at A > 4 /im. Although lCushing et al.l l|2005|f have shown 
that L'-band photometry can be used as a substitute for 
spectroscopy from 2.9 to 4.1 /mi for spectral types rang- 
ing from Ml to T4.5, the assumption of a Rayleigh-Jeans 
tail at A > 4 /im has never been tested observationally. 
The IRS spectra are ideal for this purpose. 

Twelve of the dwarfs in our sample have both pub- 
lished absolutely flu x calibrated 0.6—4.1 /im spectra 
l)Cushing et al.l I2005J) and IRS spectra. In order to 
construct spectra suitable for integration over all wave- 
lengths, we modified each spectrum by linearly interpo- 
lating from zero flux at zero wavelength to its bluest 
wavelength and removing the gaps in wavelength cov- 
erage from 1.85 to 2.6 /im and 4.1 to 5.5 /im by lin- 
ear interpolation between the flux densities at the gap 
edges. Finally we extend a Rayleigh-Jeans tail from 
the reddest wavelength of each spectrum to infinity. In 
order to perform as accurate a comparison as possible 
with the results of Golimowski et al. (20Q4|), we use the 
same parallaxes and assume Mboi© = +4.75. The re- 
sults are listed Table 2 a long with the values derived by 
IGolimowski et alJ 1)20041) . We find that the bolometric 
magnitudes of the twelve dwarfs agree within the errors 
except for 2MASS J1439+1929 (LI) which is discrepant 
by just over 1-a. The Lbois, an d thus the T e ffS, of the 
ultracool dwarfs wit h spectral types ranging f rom Ml V 
to T4.5 presented bv IGolimowski et"aU l)2004f) are there- 
fore robust against any systematic errors introduced us- 
ing photometry and a Rayleigh-Jeans to account for the 
flux between from 2.5 and 15 /im. 

5. SUMMARY 

We have presented a spectroscopic sequence of M, L, 
and T dwarfs from 5.5 to 38 /im at R ~ 90 obtained with 
the IRS onboard the Spitzer Space Telescope. The spec- 
tra exhibit prominent absorption bands of H2O, CH4, 
NH3 and are relatively featureless at A > 15 /im. H2O 
absorption features are present throughout the MLT se- 
quence while the CH4 and NH3 bands first appear at 
roughly the L/T transition. We tentatively ascribe a 
plateau in the spectra of a number of mid-type L dwarfs 
from 9 to 11 /im to the effects of a population of small 
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silicate grains, likely lying above the main cloud deck, 
that are not predicted in current cloud models. The 
spectrum of the mildly metal-poor, high surface gravity, 
T dwarf 2MASS J0937+2931 (T6p) is suppressed from 
5.5—7.5 /zm relative to typical T6 dwarfs indicating that 
mid-infrared spectroscopy may be a useful probe of sur- 
face gravity and/or metallicity variations. Finally, we 
computed bolomctric magnitudes for 12 of the dwarfs in 
our sample with previously published 0.6—4.1 /mi spectra 
and find good agreement with the values of Golimowski 
et al. who use L'- and M'-band photometry and to ac- 
count for the flux emitted at A > 2.5 fj,m. 
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Fig. 1 — The 5.5-14.5 (im spectra of Gl 229A (Ml V), Gl 752A (M2.5 V), GJ 1001A (M3.5 V), GJ 1111 (M6.5 V), LHS 3003 (M7 V), 
vB 10 (M8 V), and BRI 0021—0214 (M9.5 V). The spectra have been normalized at 12 fim and offset by constants (dotted lines); the flux 
densities of the spectra at 12 fim are 872, 519, 36.4, 70.0, 15.4, 17.6, and 4.90 mjy, respectively. 
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Fig. 2.— The 5.5-14.5 /jm spectra of 2MASS J1439+1929 (LI), Kelu-lAB (L2), 2MASS J0036+1821 (L3.5), 2MASS J1507-1627 (L5), 
2MASS J1515+4847 (L6.5), 2MASS J0825+2115 (L7.5), and DENIS J0255-4700 (L8). The spectra have been normalized at 12 and 
offset by constants (dotted lines); the flux densities of the spectra at 12 fim are 2.13, 2.00, 3.57, 4.47, 2.24, 2.00, and 7.14 mjy, respectively. 
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Fig. 3.— The 5.5-14.5 fan spectra of SDSS J0423-0414AB (TO), SDSS J1254-0122 (T2), 2MASS J0559-1404 (T4.5), SDSS J1624+0029 
(T6), and Gl 570D (T7.5). The spectra have been normalized at 12 jim and offset by constants (dotted lines); the flux densities of the 
spectra at 12 (im are 2.27, 1.40, 2.10, 0.775, and 1.82 mjy, respectively. 
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Fig. 4.— The 15.0-38.0 /an spectra of Gl 229A (Ml V), GJ 1001A (M3.5 V), Gl 65AB (M5.5 V), LHS 3003 (M7 V), and DENIS 
J 0255— 4700 (L8). The spectra have been normalized at 22 ^m and offset by constants (dotted lines); the flux densities at 22 /im are 
242, 11.5, 91.0, 4.87, and 1.57 mjy, respectively. The longest wavelengths have been removed from some of the spectra due to a low 
signal-to-noise ratio. 
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Fig. 5.— Model sequence from T=3800 K to T=600 K in steps of 400 K. Th e models with T eff > 2600 K are AMES-COND models 
lAllard et al.M200U) . the models with 1400 K < T e g < 2600 K are cloudy models IMarlev et alJI2002l M. S. Marley et al., in preparation) 
and the models with T c g < 1400 K are cloudless models. The spectra have been smoothed to R=90 and resa mpled onto the wavele ngth 
grid of the IRS spectra. The approximate spectral types corresponding to the effective temperatures are from lLeggett et alj 120001) and 
Golimows ki et alj 120041) 
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Fig. 7. — The IRS-H2O, IRS-CH4, and IRS-NH3 spectral indices of the dwarfs in our sample as a function of spectral type. Individual 
objects discussed in the text are indicated and known binaries are marked with open squares. 
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Fig. 8.— The IRS spectra of 2MASS J1439+1929 (LI), Kelu-lAB (L2), 2MASS J1506+1321 (L3), 2MASS J0036+1821 (L3.5), 2MASS 
J2224-0158 (L4.5), 2MASS J1507-1627 (L5), and 2MASS J1515+4847 (L6.5). The spectra have been normalized at 12 /zm and offset by 
constants (dotted lines); the flux densities of the spectra at 12 fim are 2.13, 2.00, 1.94, 3.57, 1.64, 4.47, and 2.24 mjy, respectively. The 
grey box indicates the wavelength range (9 to 11 /im) and objects that exhibit the plateau. 
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Fig. 9.— Top: Spectrum of 2MASS 2224 (L4.5) and a model (T cff =1900 K, logg=5.0, / scd =2) appropriate for an L4.5 dwarf from M.S. 
Marley et al. (in preparation). Middle: Optical absorption (Q a ba/ a ) f° r amorphous enstatite (MgSiOa; black) and forsterite (Mg2SiC>4; 
red) for three different particle sizes 0.1 fim (dotted lines), 1 fim (solid lines), and 10 fim (dashed lines). Bottom: Optical absorption 
(Qabs/&) for crystalline enstatite (MgSiOa) for three different particle sizes 0.1 fim (dotted lines), 1 (im (solid lines), and 10 (im (dashed 
lines). 
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Fig. 10. — The IRS spectra of SDSS 0423— 0414AB and Gl 337CD (black lines). Their unresolved optical/near-infrared spectral types are 
L7.5/T0 and L8/T0, respectively. Also shown are composite L5+T2 and L8+T4.5 spectra (red) constructed from the spectra of 2MASS 
J1507-1627 (L5), SDSS J1254-0122 (T2), Gl 584C (L8), and 2MASS J0559-1404 (T4.5). The spectra have been normalized to unity at 
12 fim and offset by constants (dotted lines). 
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A (/U,m) 

Fig. 11— Top: The IRS spectra of 2MASS J0937+2931 (T6P; black), and 2MASS SDSS J1264+0029 (T6; red). The spectrum of SDSS 
J1624+0029 has been scaled by the ratio of the distances of the two objects to adjust its flux to the level that which would be observed if it 
were at the distance of 2MASS J0937+2931 . The spectrum of SDSS 1624 J1624+0029 differs significantly from that of 2MASS J0937+2931 
at A < 7.5 fim. 
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Fig. 12 — The 65-14.5 s pectra of GJ 1111 (M6.5 V ), 2M ASS J1507-1627 (L5), and 2MASS J0559-1404 (T4.5). The red- optical spectra 
are fr om IKirkpatrick ct al. (1991), Rcid ct al. (2000), and Bureasscr ct al. (2003) and the near-infrared spectra are from ICushing et alj 
(2005) and J.T. Rayner et al. (in preparation). Note the flux density units are \f\. The spectra have been normalized to unity at 1.3 /im 
and multiplied by constants. The CIA H2 absorption is indicated as a dashed line because it shows no distinct spectral features but rather 
a broad, smooth absorption. 



Dim Suns 1 



21 



TABLE 1 
Log of the IRS Observations 



Object 


Optical 51 


Infrared a 


AOR Key 


Exposure Time ( 


sec) 




Sp. Type 


Sp. Type 




SL2 D 


SL1 


LL2 


LL1 


Gl 229A 


Ml V 




4185856 


12 


12 


30 


30 


Gl 1 


Ml. 5 V 




3873792 


Z I 


Zl 






G 196-3A 


M2.5 V 




3879168 


30 


120 


1220 


120 


Gl 674 


M2.5 V 




3874304 


21 


21 






Gl 752A 


M2.5 V 




3876864 c 


30 


30 


488 


488 


Gl 687 


M3 V 




3874560 


24 


21 






Gl 849 


M3.5 V 




3873024 


Z'l 


Z l 






GJ 1001A 


M3.5 V 




4190464 d 


484 


484 


488 


976 


Gl 866ABC 


M5 V 




3878912 


24 


24 


24 


24 


Gl 65AB 


M5.5 V 




3878400 


24 


24 


24 


24 


GJ 1111 


M6.5 V 




3876096 


24 


24 






LHS 3003 


M7 V 




3876608 


30 


30 


732 


732 


vB 10 


M8 V 




12486401 


60 


60 


488 


488 


BR I 0021-0214 


M9.5 V 




3877632 


122 


244 






2MASS J07464256+2000321AB 


L0.5 


LI 


4186624 


968 


968 


244 


244 


2MASS J14392836+1929149 


LI 


LI 


4187136 


976 


976 






2MASS J11083081+6830169 


LI 




4187648 


968 


968 






2MASS J16580380+7027015 


LI 




4193024 


968 


968 






Kelu-lAB 


L2 


L3±l 


4187904 


976 


976 






2MASS J15065441+1321060 


L3 




12496384 


976 


976 






2MASS J16154416+3559005 


L3 




4194048 


968 


968 


976 


976 


2MASS J00361617+1821104 


L3.5 


L4±l 


4188672 


484 


484 


488 


976 


2MASS J22244381-0158521 


L4.5 


L3.5 


4189440 


976 


976 






2MASS J15074769-1627386 


L5 


L5.5 


4190208 


976 


976 






SDSS J053951. 99-005902.0 


L5 


L5 


4190720 


968 


968 






2MASS J12392727+5515371 


L5 




4194304 


968 


968 






2MASS J15150083+4847416 


L6.5 




4190720 


976 


976 






2MASS J17281150+3948593 


L7 




4191744 


968 


968 






2MASS J15261405+2043414 


L7 




4191488 


968 


968 






2MASS J08251968+2115521 


L7.5 


L6 


4191232 


968 


968 






DENIS-P J025503. 3-470049.0 


L8 


L9 


4192000 


484 


484 


488 


976 


G1584C 


L8 




1249776 


3904 


3904 






2MASS J09293364+3429527 


L8 




4195072 


968 


968 






Gl 337CD 


L8 


TO 


12494080 


2928 


2928 






SDSS J042348.57-041403.5AB 


L7.5 


TO 


12495360 


976 


976 






SDSS J125453. 90-012247.4 


T2 


T2 


4185088 


968 


968 






e Ind Ba/Bb 




T2.5 


6313730 


488 


488 


488 


976 


SDSS J102109.69-030420.1AB 




T3 


4183808 


3904 


3904 






2MASS J05591914-1404488 


T5 


T4.5 


4183296 
4183040 


968 
976 


968 
976 






2MASS J15031961+2525196 


T6 


T5.5 


6314496 


976 


976 






SDSS J162414.37+002915.6 




T6 


4185600 


3904 


3904 






2MASS J12255432-2739466AB 


T6 


T6 


12496128 


976 


976 






2MASS J09373487+2931409 


T7p 


T6p 


4195328 


968 


968 






2MASS J12373919+6526148 


T7 


T6.5 


4184832 


968 


968 






2MASS J12171110-0311131 


T7 


T7.5 


4184320 


976 


976 






Gl 570D 


T7 


T7.5 


4186368 


3904 


3904 







a Spectral types of the M dwarfs are from IKirkpatrick et all I1991H . IHenrv et all 119941b IKirkoatrick et alJ 11995ft. IHawlev et atl llggffi, 
|Bjebolo_et_alJ (1998|), and J.D . Kirk p atrick (2006, priva te communication). Spect r al types of the L dwarfs a re from IKirkpatrick et^^ ^^9ab 
iF^ne^Tj 1200011. IR eid et al J 120001) . IGizis et all 1200011 . IKirkpatrick et alJ 120001). IKi rkpatrick et all 1200 IT. IW ilson et al J 120011) . ICruz et alJ 
i200^T . and ^turgasse re^^y^^^^ b Spectra l types of the T dwarfs are frorri Tl^irgass^?r^^^uTT2003^ aiid TBiir^a£s^r'^t^uTl2006lb except for e 
Ind Ba/Bb which is"^oin TSchc4z^taTI 12003fl - Spectral types for binaries are derived from unresolved spectra. Errors on spectral types are ±0.5 
subclass unless otherwise noted. 

b SL2=Short-Low Order 2, SLl=Short-Low Orderl, LL2=Long-Low Order 2, LLl=Long-Low Order 1 
c Original target was Gl 752B. 
d Original target was GJ 1001B. 
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TABLE 2 
Bolometric Magnitudes 



Object 


Optical a 


Infrared 3 


7T b 


M hol c 






Sp. Type 


Sp. Type 


(mas) 


Golimowski ct al. 


this work 


C*] 99QA 


Ml V 




1 79 17 i 1 in 

1 (O.J. / It 1.1U 


7 Q7 -t- O HQ 

/ .y / it u.uy 


7 Q9 -t- n riA 
/ .yz zl u.u*± 


RDT 0091 091 A 


iviy.o v 






i o 07 _i_ pi 1 n 
10.0 ( in u. iu 


n is _i_ n ns 
j-O.^tu in u.uo 


2MASS J07464256+2000321AB 


L0.5 


LI 


81.9 ± 0.3 


13.26 ± 0.07 


13.29 ± 0.04 


2MASS J14392836+1929149 


LI 


LI 


69.6 ± 0.5 


13.88 ± 0.07 


14.01 ± 0.04 


Kelu-lAB 


L2 


L3±l 


53.6 ± 2.0 


13.74 ± 0.11 


13.78 ± 0.11 


2MASS J00361617+1821104 


L3.5 


L4±l 


114.2 ± 0.8 


14.67 ± 0.07 


14.64 ± 0.04 


2MASS J22244381-0158521 


L4.5 


L3.5±l 


87.02 ± 0.89 


15.14 ± 0.07 


15.16 ± 0.04 


2MASS J1507476-162738 


L5 


L5.5 


136.4 ± 0.6 


15.16 ± 0.07 


15.28 ± 0.04 


SDSS J053951. 99-005902.0 


L5 


L5 


76.12 ± 2.17 


15.12 ± 0.09 


15.21 ± 0.07 


2MASS J08251968+2115521 


L7.5 


L6 


94.22 ± 0.99 


16.10 ± 0.07 


16.13 ± 0.04 


SDSS J125453. 90-012247.4 


T2 


T2 


73.96 ± 1.59 


16.08 ± 0.10 


16.22 ± 0.06 


2MASS J05591914-1404488 


T5 


T4.5 


96.73 ± 0.96 


16.07 ± 0.13 


16.17 ± 0.04 



a Spectral types of the M dwarfs are from IKirkpatrick et alj 1199111 . IHenrv et all 119941 . IKirkpatrick et al.l 119951). IHawlev et al~l M99), 
Rej3oJo_etalJ (199 8|), and J.D . Kirkp atrick (2006, priva te communication) . Spect r al types of the L d warfs a re from |KiHcp atricketalJ t!999|) , 
FaTiTHdl I2000D IReid et all 1200011 . IGizis et ahl 1200011 . IKirkpatrick et all 1200011. IKirkpatrick et all 1200111 IWilson et all i200lTi~ICruz et all 
120031) . and [Burgasscr ct al. (2006). The spectr al types of th e T dwarfs are from Burgas scr et all 120031) . and [Burgasscr ct al. (200G), except for 
the spectral type of e Ind Ba/Bb which is from lScholz et alJ 120031) . Spectral types for binaries are derived from unresolved spectra. Errors on 
spectral types are ±0.5 subclass unless otherwise noted. 

k The trig onomet ric parallax es are from_J(£olj^ow sld et all j20J^) and w ere taken from Ivan Altena et alJ il995lt- . iPerrvman et all I1997D . 
iTinnev et all il995MDahn et"afl I2002D . lyrba et all I2Q04I ,. and lTinnev et alJ 120031, . 

c Mboi = -2.5 log/bol + 51og-7r -13.978 assuming L© = 3.86 x 10 26 W and M bo i0 = +4.75. 



